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Characterising nutrients wash-off for effective urban 
stormwater treatment design 
 
Abstract: This paper characterises nitrogen and phosphorus wash-off processes on 
urban road surfaces to create fundamental knowledge to strengthen stormwater 
treatment design. The study outcomes confirmed that the composition of initially 
available nutrients in terms of their physical association with solids and chemical 
speciation determines the wash-off characteristics. Nitrogen and phosphorus wash-off 
processes are independent of land use, but there are notable differences. Nitrogen wash-
off is a “source limiting” process while phosphorus wash-off is “transport limiting”. 
Additionally, a clear separation between nitrogen and phosphorus wash-off processes 
based on dissolved and particulate forms confirmed that the common approach of 
replicating nutrients wash-off based on solids wash-off could lead to misleading 
outcomes particularly in the case of nitrogen. Nitrogen is present primarily in dissolved 
and organic form and readily removed even by low intensity rainfall events, which is an 
important consideration for nitrogen removal targeted treatment design. In the case of 
phosphorus, phosphate constitutes the primary species in wash-off for the particle size 
fraction <75 µm, while other species are predominant in particle size range >75 µm. 
This means that phosphorus removal targeted treatment design should consider both 
phosphorus speciation as well as particle size. 
 
Keywords: Nutrients speciation; Nitrogen wash-off; Phosphorus wash-off; Stormwater 
quality, Stormwater pollutant processes; Stormwater treatment 
 
1. Introduction 
Stormwater treatment measures are commonly designed to remove solids. Stormwater 
quality modelling approaches also adopt solids as the indicator pollutant to simulate 
other pollutant loadings (Liu et al., 2012). This is based on the premise that solids are an 
appropriate surrogate for other pollutants. However, researchers such as Goonetilleke et 
al. (2005) have shown that due to differences in physico-chemical properties of 
pollutants which influence wash-off behaviour, targeting solids only may not always be 
effective in stormwater treatment.  
 
Current stormwater treatment design strategies are primarily based on the outcomes of 
investigations conducted using bulk wash-off samples where both particulate and 
dissolved fractions of solids are investigated together, independent of the particle size 
distribution. This approach can lead to the loss of information and result in inefficient 
stormwater treatment design as pollutant wash-off can vary with particle size 
(Egodawatta and Goonetilleke, 2008).  
 
In this context, the feasibility of adoption of solids as the surrogate pollutant for other 
stormwater pollutants merits further investigation. Furthermore, it is essential to confirm 
whether the wash-off of other pollutants could be defined independent of the particle 
size. This is particularly the case for nitrogen and phosphorus, which are among the 
most important urban stormwater pollutants (Miguntanna et al., 2010; Davis et al., 
2006; Hogan and Walbridge, 2007). Consequently, an in-depth knowledge of nitrogen 
and phosphorus wash-off is important for effective stormwater pollution mitigation.  
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In research literature, nitrogen wash-off is reported as being primarily governed by first 
flush and mostly present in dissolved form, whereas phosphorus wash-off is reported as 
primarily particulate bound (Taylor et al., 2005; Uusitalo et al., 2003). Apart from these 
common observations, nutrient wash-off characteristics commonly reported in research 
literature tends to be site-specific. Additionally, the first flush behaviour of nutrients is 
discussed only qualitatively, which provides limited value in treatment design (Line et 
al., 1997). 
 
This paper presents the outcomes of a research study which provides scientific reasons 
for such site-specific behaviour, by analysing nitrogen and phosphorus wash-off based 
on different particle size ranges and different sub-species. This approach was 
formulated on the hypothesis that the composition of initially available nitrogen and 
phosphorus in terms of their physical association with solids and chemical speciation 
determines the wash-off characteristics. The knowledge developed on nutrients wash-
off is expected to contribute to effective urban stormwater management.   
 
2. Materials and methods 
2.1 Selected study sites 
Three asphalt paved road surfaces were selected from Gold Coast, Australia, 
representing typical urban land uses, namely, residential, industrial and commercial. 
Selecting three different land uses enabled the development of a representative dataset 
to investigate the influence of land use on nutrients wash-off. Road stretches with 
uniform surface, geometric layout and surrounding land use and land cover 
characteristics were selected for investigations to ensure uniformity in pollutant 
distribution. Fig. 1 shows the three road sites and provides the relevant study site 
information.  
 
2.2 Rainfall simulation 
A rainfall simulator was employed to generate pollutant wash-off data from the road 
surfaces for a range of rainfall events with different rainfall intensities and durations. 
The rainfall simulator was calibrated for relevant rainfall characteristics (eg. rainfall 
intensity and uniformity in raindrop distribution) and verified for kinetic energy and 
drop size distribution prior to use in the data collection. This was to replicate natural 
rainfall events as accurately as possible. The use of the rainfall simulator helped to 
eliminate the dependency on natural rainfall and associated inherent uncertainty and 
variability. 
 
Design details of the rainfall simulator, calibration and operating procedures can be 
found in Herngren et al. (2005). De-mineralised water spiked to replicate typical 
rainwater quality in the region was used for the simulations.  
 
2.3 Sample collection 
Wash-off sample collection using rainfall simulation was confined to small plot surfaces 
of area 3 m2 (2 m x 1.5 m) to ensure uniformity in the distribution of rainfall (Herngren 
et al., 2005). Additionally, for understanding fundamental concepts in relation to 
pollutant wash-off, the use of small plots is preferred over catchment scale studies. It 
ensures the homogeneity of the study surfaces and pollutant build-up, thereby reducing 
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the influence of heterogeneous catchment characteristics on the wash-off process. This 
in turn helps to minimise the location specific nature of research outcomes commonly 
inherent to catchment scale studies (Egodawatta and Goonetilleke, 2008).  
 
Prior to wash-off sample collection, the initially available pollutant load (build-up) on 
the road surfaces was collected by vacuuming a plot area of equal size. This was to 
eliminate the influence of initially available pollutant load for deriving generic 
knowledge on nutrient wash-off processes. It is commonly known that the wash-off 
loads from impervious surfaces is influenced by the initially available pollutants, though 
wash-off process itself is considered universal (Egodawatta and Goonetilleke, 2008). 
Further details on the pollutant build-up sample collection can be found in Miguntanna 
et al. (2010). The build-up data obtained are presented as both, nutrient concentrations 
(as mg/g) and total nutrient loads (as mg/m2). The nutrient concentrations were obtained 
by dividing the total nutrient load by the corresponding total solids load. This was to 
prevent the initial total nutrient load influencing the data analysis.  
 
Rainfall intensities of 20, 40, 65, 86, 115 and 135 mm/h were simulated at six different 
test plots at each selected road site. The intensity range represented more than 90% of 
the regional rainfall intensities. The wash-off samples were collected in 5 min duration 
segments. The simulated total rainfall durations ranged from 5 min to 40 min which 
essentially replicated rainfall events of 1 to 10 year average recurrence interval. The 
rainfall intensity was kept constant during the simulation of the rainfall events and 
wash-off samples were collected in 5 min durations and tested. Accordingly, the 
collected samples were 5-40 min of 20 mm/h (8 samples), 5-35 min of 40 mm/h (7 
samples), 5-30 min of 65 mm/h (6 samples), 5-25 min of 86 mm/h (5 samples), 5-20 
min of 115 mm/h (4 samples) and 5-20 min of 135 mm/h (4 samples). The event mean 
concentration (EMC) value for a specific event was determined by averaging the 
pollutant parameter values for each 5 min. segment on a flow weighted basis. In total, 
34 wash-off samples were collected for each land use. Sample handling and 
preservation was undertaken according to stipulated standards (AS/NZS, 1998). 
 
2.4 Laboratory testing 
Pollutant parameters were determined for the total sample as well as for fractions 
separated into different particle sizes ranges (sub-samples). Separation into particle size 
ranges of >300 µm, 150-300 µm, 75-150 µm, 1-75 µm and <1 µm was undertaken 
using wet sieving and the filtrate was obtained using a 1 µm glass fibre filter. 1 µm 
glass fibre filter was used due to its effectiveness and structural strength in filtering a 
high concentration of fine particulate loadings and stability under pre and post filtration 
oven drying processes. Therefore, in this study, particle size less than 1 µm was 
considered as the dissolved fraction. A total of 510 sub-samples (34 wash-off samples 
×3 land uses ×5 particle sizes) were tested.  
 
All samples were analysed for total suspended solids (TSS), total dissolved solids 
(TDS), nitrites (NO2-), nitrates (NO3-), total kjeldahl nitrogen (TKN), phosphates (PO43-
), total phosphorus (TP), total organic carbon (TOC) and dissolved organic carbon 
(DOC). The wash-off data were in mg/L while the build-up data were normalised using 
the total solids load (summation of TSS and TDS) collected from each road surface and 
were in mg/g. All parameters except TKN and TP were determined according to the 
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standard methods specified in APHA (2005). TKN and TP (digestible P) were measured 
according to Methods 351.2, and 365.4, as specified in US EPA (1983). Standard QA 
and QC procedures were employed. Summation of the concentration of NO2-, NO3-, and 
TKN was taken as total nitrogen (TN).  
 
2.5 Data analysis  
Firstly, the wash-off processes of nitrogen and phosphorus were analysed separately due 
to possible differences in characteristics. The analysis was based on rainfall 
characteristics and data for different particle size ranges. Due to the interdependency of 
rainfall characteristics, rainfall intensity and duration were used for describing the wash-
off process (Egodawatta et al., 2007; Tiefenthaler and Schiff, 2001).  
 
Secondly, the correlation of nutrients wash-off with the data for the different five 
particle size ranges was investigated using Principal Component Analysis (PCA). 
Organic carbon and suspended solids were also included in the analysis. This is due to 
the possibility that these physio-chemical parameters could influence nutrients wash-off 
(Goonetilleke et al., 2005). The objects (510 sub-samples) for the PCA were the 
samples for all particle size ranges, while the variables (10 parameters) consisted of the 
nutrient species (NO2-, NO3-, TKN, PO43-, TN and TP) and the other physio-chemical 
parameters (TSS, TDS, TOC and DOC).  
 
The use of PCA was due to its exceptional ability for identifying correlations between 
objects and variables. PCA is a multivariate statistical data analysis technique which 
reduces a set of raw data into a number of principal components which retain the most 
variance within the original data in order to identify the relationships between objects 
and variables (Adams, 1995). The number of significant principal components is 
selected using the Scree plot method (Adams, 1995). Detailed description of PCA is 
given in Kokot et al. (1998). StatistiXL software (StatistiXL, 2007) was used for PCA. 
Additionally, a correlation matrix which indicates the extent of interaction between 
variables was also derived to further validate the conclusions derived from the PCA.  
 
3. Results and Discussion 
3.1 TN and TP wash-off – common trends 
The variability of TN and TP concentrations with rainfall intensity and duration for the 
three road surfaces is illustrated in Fig. 2. It can be noted that the three sites depict 
common trends in nutrients wash-off. TN and TP concentrations decrease with the 
increase in rainfall duration and the initial 5 min segment of each event contains the 
highest nutrient concentrations for all three land uses. This confirms the “first flush” 
phenomenon noted by researchers (for example Tiefenthaler and Schiff, 2001).  
 
It is noteworthy that the outcomes for nutrients wash-off are different compared to 
build-up. For example, the TN build-up load in residential land use (37.19 mg/m2) is 
higher than the corresponding values for industrial (7.22 mg/m2) and commercial (35.69 
mg/m2) land uses (see Table 1). The difference in build-up loads in the three sites can be 
attributed to the differences in land use characteristics (Miguntanna et al., 2010). For 
instance, the higher TN build-up load in residential land use could be due to relatively 
greater vegetation input compared to industrial and commercial land uses. Nevertheless, 
as shown in Fig. 2, the TN wash-off concentration from residential land use does not 
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show a significant difference compared to the industrial land use and it is much lower 
than for the commercial land use. These observations imply that the influential factors 
in relation to nutrients wash-off could be diverse. The nutrients wash-off can be 
influenced not only by the initially available pollutant characteristics, but also by other 
factors such as road surface condition, slope and atmospheric deposition (Burian et al., 
2001; Gobel et al., 2007) 
 
3.2 TN and TP wash-off – notable differences 
Fig. 2 also highlights notable differences in TN and TP concentrations with rainfall 
intensity which is independent of land use. TN concentration is relatively higher in the 
wash-off for low intensity rain events (20 mm/h and 40 mm/h) compared to high 
intensity rain events. The opposite holds true for TP concentration. Past research 
attributes the readily removable nature of TN to its association with the “free solids 
load”, which is not strongly adhered to the surface (Vaze and Chiew, 2002). 
Accordingly, the high runoff volumes generated by the 115 mm/h and 135 mm/h 
rainfall intensities result in relatively lower concentrations due to dilution. Therefore, 
TN wash-off process can be termed as “source limiting” as the amount of TN in wash-
off is limited by the load available on the road surface (Vaze and Chiew, 2004). Though 
the above discussion appears to replicate findings from previous studies, a novel 
interpretation of nitrogen wash-off is proposed in a later section in the discussion. 
 
Interestingly, the TP wash-off for the 115 mm/h and 135 mm/h rainfall intensities show 
a higher concentration compared to that for lower intensities. It can be concluded that 
high transport capacity is needed for phosphorus wash-off. Based on research literature, 
this suggests that phosphorus is primarily available with the “fixed solids load”, which 
is strongly adhered to the surface (Egodawatta and Goonetilleke, 2008). The fact that 
high intensity rainfall events could wash-off an increased amount of particulates due to 
the relatively high transport capacity of the flow confirms that TP wash-off is a 
“transport limiting” process. It is the transport capacity of runoff that dictates the 
amount of TP present in wash-off. 
 
3.3 TN and TP wash-off – role of speciation 
The differences in TN and TP wash-off noted above are commonly attributed in 
research literature to the physical characteristics of the initially available load (e.g. Vaze 
and Chiew, 2004; Egodawatta and Goonetilleke, 2008). However, the hypothesis 
adopted in this study was that the differences in TN and TP wash-off characteristics can 
be largely attributed to the chemical nature of the initially available pollutants where 
nitrogen and phosphorus speciation play a key role.  
 
Accordingly, wash-off data was analysed based on the nitrogen and phosphorus species 
categorised into different particle size ranges. Fig. 2 confirms that the nutrients wash-off 
processes, particularly the relationship between wash-off concentration and rainfall 
intensity are similar for the three land uses although the individual concentrations are 
different and there is a general downward trend in wash-off concentration with duration. 
This means that the relationship between nutrients wash-off concentration and rainfall 
intensity are independent of land use. Further analysis was undertaken using values 
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averaged for the three land uses. Fig. 3 gives the average concentrations of nitrogen and 
phosphorus species for different particle size ranges. 
 
As per Fig. 3, TKN contributes the most to TN for all particle sizes. Therefore, organic 
nitrogen is dominant in total nitrogen in wash-off regardless of particle size. 
Furthermore, the dissolved fraction (<1 µm) constitutes the highest concentration of all 
species, thus confirming that nitrogen wash-off is predominantly in dissolved form. 
Additionally, it can be noted that a significant fraction of TKN in wash-off is present in 
dissolved form (<1 µm). However, Table 1 shows that TKN in the initially available 
load is primarily in the size range >1 µm and NO3- has a relatively higher load in the <1 
µm size range. Therefore, it is postulated that TKN disintegrates or is leached from 
particulate form to dissolved form during wash-off. This is attributed to the lower 
structural strength of organic matter that the TKN is mostly associated. This gives a 
subtly different interpretation to nitrogen wash-off. Nevertheless, the TN wash-off 
process being “source limiting” still holds true. 
 
In terms of particulate nitrogen, fine particles are the most important in wash-off. As 
evident in Fig. 3, particle size ranges 1-75 µm and 75-150 µm contain a relatively 
higher concentration of particulate nitrogen compared to the larger sizes. This is similar 
to the initially available load (Table 1).  
 
Fig. 3 shows that particulate phosphorus concentration is higher compared to the 
dissolved fraction (<1µm). This suggests that phosphorus wash-off results in the 
mobilisation of particulates. This further strengthens the conclusion that phosphorus 
wash-off is a transport limiting process. Particle size range 1-75 µm has the highest 
concentration of PO43-, whilst the 75-150 µm size range has the highest concentration of 
TP. This outcome is similar to the initially available load for PO43- and TP (Table 1), 
thus confirming the importance of fine particle sizes in phosphorus wash-off. However, 
unlike nitrogen, as the >150 μm particles also contain an appreciable amount of 
phosphorus, this size range would also exert influence on the phosphorus wash-off. 
Additionally, it can be noted that PO43- did not constitute a significant fraction in TP in 
the size range >75 µm. This means that some other phosphorus species would be 
contributing to TP in the wash-off. This highlights that the investigation of phosphorus 
removal should consider both, phosphorus species as well as particle size. 
 
3.4 Role of physico-chemical parameters 
The analysis discussed above provides context to the site-specific nitrogen and 
phosphorus wash-off behavior reported in past research literature. Based on the 
hypothesis discussed previously, the identification of relationships between nitrogen 
and phosphorus species wash-off with physico-chemical parameters (solids and organic 
carbon) was undertaken using PCA. Past research literature has noted the ability of 
physico-chemical parameters to influence nutrients wash-off (e.g. Goonetilleke et al., 
2005). 
 
Fig. 4 shows the PCA biplot for all particle sizes. It is evident that there are two distinct 
groups of objects with positive and negative scores on PC1 axis. The group projected on 
the positive PC1 axis consist of the particulate fraction (1-75 µm, 75-150 µm, 150-300 
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µm and >300 µm) and show close correlation with TP and PO43-. The group projected 
on the negative PC1 axis consist of the dissolved fraction (<1 µm) and displays strong 
correlation with nitrogen species. This further confirms the presence of phosphorus 
primarily in particulate form and the dissolved nature of nitrogen. This result is in 
agreement with previous findings by researchers such as by Taylor et al. (2005), Vaze 
and Chiew (2004), Ellison and Brett (2006) and Dierberg and DeBusk (2008).  
 
The clear separation between nitrogen and phosphorus wash-off processes based on 
dissolved and particulate forms underlines the potential errors that could arise from the 
replication of the nutrient wash-off processes based solely on wash-off data for bulk 
samples. Consequently, the common approach of replicating nutrients wash-off using 
solids wash-off could lead to misleading outcomes particularly in the case of nitrogen.  
 
To validate the outcomes of the PCA, a correlation matrix was derived between the 
nutrient species and the physico-chemical parameters. As shown in Table 2, the 
coefficients for TN-TDS and TN-DOC are 0.817 and 0.805, respectively. This further 
confirms the dominant nature of dissolved nitrogen in wash-off and the fact that 
nitrogen is present primarily in organic form (TKN) in wash-off.  
 
In terms of phosphorus wash-off, the correlation matrix indicates coefficients of 0.408 
and 0.409 between TP, TSS and TOC, respectively. This means that TP is identified as 
being weakly correlated to TSS when using bulk wash-off samples. However, as shown 
in Fig. 3, phosphorus in wash-off is primarily present in particulate form. This implies 
that analysing TP wash-off using bulk wash-off sample data could lead to the loss of 
information in relation to the wash-off process. The weak correlation coefficient (0.409) 
for TP-TOC confirms that organic phosphorus does not account for a large fraction in 
the wash-off process.  
 
3.5 Implications for effective urban stormwater treatment design 
According to the analysis outcomes above, nitrogen and phosphorus demonstrate 
different wash-off characteristics. This is primarily due to differences in solubility and 
attachments to different particle sizes. Differences in wash-off characteristics can result 
in varied first-flush effects. Therefore, in the case of urban stormwater treatment design, 
it highlights the need to take into account the targeted pollutant species as well as the 
particle size range to which the targeted pollutant species are preferentially attached. It 
also highlights the importance of selecting appropriate treatment systems for targeted 
pollutant treatment. Current stormwater quality models primarily adopt solid as the 
surrogate pollutant (Obropta and Kardos, 2007). This approach can result in gross errors 
in estimation. Understanding the fundamental differences in wash-off characteristics for 
different nutrient species can lead to better stormwater quality modelling approaches 
and treatment strategies. 
 
4. Conclusions 
Based on the analysis undertaken, the key conclusions from the study are as follow:  
• The composition of initially available nitrogen and phosphorus in terms of their 
physical association with solids and chemical speciation determines the wash-off 
characteristics. 
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• Though wash-off processes are independent of land use, there are notable 
difference in wash-off processes between nitrogen and phosphorus. Nitrogen 
wash-off is a source limiting process, while phosphorus wash-off is a transport 
limiting process. However, the common acceptance in research literature that 
nitrogen is associated with the free solids load on paved surfaces can be 
misleading. Rather, it is hypothesised that TKN disintegrates due to raindrop 
impact due to the lower structural strength of organic matter and is mobilised as 
a dissolved fraction rather than as free solids. 
• Nitrogen is present primarily in dissolved and organic form and readily removed 
even by low intensity events. This is an important consideration for nitrogen 
targeted treatment design. Additionally, this means that the common approach of 
replicating nutrients wash-off using solids wash-off data could result in 
misleading outcomes.  
• The finer fraction (<150 μm) is the most important for both phosphorus and 
particulate nitrogen wash-off. 
• PO43- constitutes the primary species in phosphorus wash-off for the particle size 
fraction <75 µm, while other phosphorus species are predominant in particle size 
range >75 µm. This means that phosphorus targeted treatment design should 
consider both phosphorus speciation as well as particle size.  
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Table 1 Initially available (build-up) solids and nutrient loads 
Land Use 
Particle 
size 
range 
TS NO2- NO3- TKN TN PO43- TP 
(µm) (g/m2) (mg/g) (mg/m2) (mg/g) (mg/m2) (mg/g) (mg/m2) (mg/g) (mg/m2) (mg/g) (mg/m2) (mg/g) (mg/m2) 
Residential 
  
<1 0.66 0.020 0.013 2.84 1.87 0.43 0.28 3.30 2.18 0.21 0.14 0.70 0.46 
1-75 0.32 nda nd 0.46 0.15 3.53 1.13 3.99 1.28 0.49 0.16 0.87 0.28 
75-150 0.96 nd nd 0.39 0.37 6.98 6.70 7.38 7.08 0.28 0.27 0.98 0.94 
150-
300 0.27 nd nd 0.38 0.10 1.11 0.30 1.49 0.40 0.33 0.09 0.44 0.12 
>300 0.04 0.002 0.000 0.37 0.01 nd nd 0.37 0.01 0.38 0.02 1.18 0.05 
Total 2.25 0.022 0.050 4.44 9.99 12.05 27.11 16.53 37.19 1.69 3.80 4.17 9.38 
Industrial 
  
<1 1.14 0.007 0.008 0.24 0.27 0.17 0.19 0.41 0.47 0.47 0.54 0.49 0.56 
1-75 0.28 nd nd 0.05 0.01 0.61 0.17 0.67 0.19 1.17 0.33 1.24 0.35 
75-150 1.67 nd nd 0.01 0.02 0.78 1.30 0.78 1.30 1.09 1.82 1.44 2.40 
150-
300 0.23 nd nd nd nd 0.09 0.02 0.09 0.02 0.32 0.07 0.49 0.11 
>300 0.12 nd nd 0.01 0.00 0.15 0.02 0.15 0.02 0.33 0.04 0.51 0.06 
Total 3.44 0.007 0.024 0.31 1.07 1.80 6.19 2.10 7.22 3.38 11.63 4.17 14.34 
Commercial 
  
<1 1.07 0.037 0.040 0.37 0.40 0.28 0.30 0.69 0.74 0.18 0.19 0.20 0.21 
1-75 0.30 nd nd 0.00 0.00 1.10 0.33 1.10 0.33 0.71 0.21 0.99 0.30 
75-150 1.55 0.014 0.022 0.10 0.16 5.74 8.90 5.85 9.07 0.47 0.73 1.35 2.09 
150-
300 0.78 nd nd 0.11 0.09 0.45 0.35 0.55 0.43 0.67 0.52 1.11 0.87 
>300 0.36 0.020 <0.001 0.12 0.04 0.49 0.18 0.60 0.22 0.67 0.24 0.75 0.27 
Total 4.06 nd 0.211 0.70 2.84 8.06 32.72 8.79 35.69 2.70 10.96 4.40 17.86 
a Not detected; 
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Table 2 Correlation matrix 
 
TSS TDS TOC DOC NO2- NO3- TKN TN PO43- TP 
TSS 1.000 
         TDS -0.314 1.000
        TOC 0.696 -0.478 1.000
       DOC -0.275 0.887 -0.419 1.000
      NO2- -0.168 0.737 -0.295 0.898 1.000
     NO3- -0.352 0.616 -0.424 0.633 0.428 1.000
    TKN -0.218 0.810 -0.384 0.795 0.552 0.698 1.000
   TN -0.220 0.817 -0.380 0.805 0.566 0.726 0.998 1.000
  PO43- 0.563 -0.046 0.458 -0.048 -0.033 -0.072 0.013 0.010 1.000
 TP 0.408 -0.313 0.409 -0.271 -0.144 -0.415 -0.283 -0.287 0.120 1.000
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Fig. 1 Study sites and land use information 
  
 
 
  
Commercial land use 
(Lawrence Drive)  
Vehicle service station, car 
parks, motorcycle dealership, 
grocery stores, good surface 
condition, high traffic volume. 
 
Industrial land use  
(Stevens Street)  
Paint, furniture, welding and 
cement based industries, steep 
slope, poor surface condition 
with fuel/lubricant spills. 
 
Residential land use 
(Armstrong Way)  
Detached family houses with 
small gardens, good surface 
condition, reasonable slope for 
gravity flow of runoff. 
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Fig. 2 Variation of nutrients wash-off for different rainfall charactersitics and different 
land uses 
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A: Residential; B: Industrial; C: Commercial 
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Fig. 3 Nutrient concentrations for different particle size ranges in wash-off  
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Fig. 4 PCA biplot of different particle sizes and physico-chemical parameters 
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